Photosystem II (PSII) is the membrane protein complex that catalyzes the photo-induced oxidation of water at a manganesecalcium active site. Light-dependent damage and repair occur in PSII under conditions of high light stress. The core reaction center complex is composed of the D1, D2, CP43, and CP47 intrinsic polypeptides. In this study, a new chromophore formed from the oxidative post-translational modification of tryptophan is identified in the CP43 subunit. Tandem mass spectrometry peptide sequencing is consistent with the oxidation of the CP43 tryptophan side chain, Trp-365, to produce N-formylkynurenine (NFK). Characterization with ultraviolet visible absorption and ultraviolet resonance Raman spectroscopy supports this assignment. An optical assay suggests that the yield of NFK increases 2-fold (2.2 ؎ 0.5) under high light illumination. A concomitant 2.4 ؎ 0.5-fold decrease is observed in the steady-state rate of oxygen evolution under the high light conditions. NFK is the product formed from reaction of tryptophan with singlet oxygen, which can be produced under high light stress in PSII. Reactive oxygen species reactions lead to oxidative damage of the reaction center, D1 protein turnover, and inhibition of electron transfer. Our results are consistent with a role for the CP43 NFK modification in photoinhibition.
tein subunits, chlorophylls, carotenoids, and redox-active plastoquinones (2, 3) . Calcium and chloride are required for activity under physiological conditions (4) . The chloride binding site has been assigned near the active site (2, 3) .
The D1, D2, CP43, and CP47 polypeptides form the intrinsic core complex of PSII. The D1 and D2 membrane spanning proteins bind the electron transfer cofactors active in water oxidation (2, 3) . This central heterodimeric core is symmetrically flanked by the CP43 and CP47 proteins, which bind light-harvesting antennae chlorophyll (Chl) molecules (5) . Each of these core polypeptides is composed of intrinsic membrane-spanning helices, as well as several hydrophilic loops that protrude into the interior lumen of the thylakoid membrane (2, 3) . The lumenal loop regions of CP43 have been implicated as important in assembly and protection from photoinhibition (see Ref.
and references therein).
The active site of water oxidation, the Mn 4 Ca cluster, is located on the lumenal surface and is protected by three extrinsic polypeptides (6) . In plants, these extrinsic proteins, the 18-kDa, 24-kDa, and psbO (or the 33-kDa, manganese stabilizing protein), are essential for maximal oxygen evolution under physiological conditions (6) . Both cyanobacterial and plant PSII contain an intrinsic cytochrome b 559 (7) , whereas cyanobacterial PSII also contains an extrinsic cytochrome c 550 (2, 8 -11) . The structure of cyanobacterial PSII has been solved to 1.9-Å resolution (Ref. 3 , and also see Refs. 2 and 8 -11) . In contrast, the resolution of a plant PSII structure remains at 8-Å resolution (12) .
Given its structural and functional complexity, many aspects of PSII function remain elusive. In particular, the roles of posttranslational modifications (PTMs) of amino acid side chains are not thoroughly understood. The biological relevance of PTMs is evident in their wide range of functions, including roles in cellular regulation (13, 14) and catalysis (15) . Modifications of the intrinsic subunits of PSII have been described previously (16, 17) . For example, in the D1 subunit, the N-terminal methionine is removed, the N-terminal amino acid is acylated, and the carboxyl terminus is processed by a specific lumenal protease, CtpA (18, 19) . In CP43, 14 amino acids are cleaved from the N terminus, which is then N-acetylated. In D2 and CP47, amino-terminal residues are removed, and the subunits are also N-acetylated. In addition, in a PSII reaction center preparation, in which CP47 and CP43 have been removed with chaotropes, a susceptibility to oxidation of D1/D2 has been reported (20) . A proteomics-based study of Arabidopsis has shown a increased prevalence of oxidative modifications under high light stress (21) . Despite improvements in PSII structure resolution, detection of PTMs based on available x-ray structures is not yet possible.
Other PTMs of PSII proteins have been identified, including oxidation of tryptophan to kynurenine (Fig. 1A ) (22) , reduction of aspartic acid to aspartyl aldehyde (23) , acyl activation of glutamic acid to a species that binds primary amines (24) , as well as numerous phosphorylations (25) . Core PSII subunits contain multiple unidentified PTM residues that covalently bind amines (23, 26, 27) . These reactions were attributed to reactive, carbonyl-containing amino acid side chains close to the active site, and covalent binding was proposed to occur via a Schiff base complex. The addition of chloride was observed to inhibit amine binding, suggesting that the binding sites were near the water oxidizing complex (28, 29) . Importantly, amines are well known inhibitors of photosynthetic water oxidation (28, 29) , this reactivity was found in plants and cyanobacteria, and experiments showed that amines were oxidized to produce aldehydes (26, 27) . These experiments imply that the aminebinding residues may play a role in the structure, function, or assembly of PSII.
In addition to kynurenine, another known PTM of tryptophan in proteins is N-formylkynurenine (NFK). NFK may bind amines and is created as a stable double oxidation intermediate in the formation of kynurenine (Fig. 1A) (21, 30 -32) . In this work, we use tandem mass spectrometry (MS/MS) and UV resonance Raman (UVRR) to show that PSII contains NFK. The unique ϳ325 nm absorption band of NFK was employed in the purification of NFK-containing CP43 peptides. By MS/MS peptide sequencing, NFK was identified as a ϩ32 m/z modification of Trp-365 in CP43. A vibrational band at 1044 cm Ϫ1 was observed, which is a characteristic of the oxidized indole ring in NFK. Quantitative analysis of the HPLC chromatogram was compared with the amount of inhibition under high light conditions. This comparison suggests that the CP43 NFK modification can be induced by high light stress in PSII membrane preparations.
EXPERIMENTAL PROCEDURES

PSII Preparations, Oxygen Evolution Measurements, and
Purification of PSII Peptides-PSII was isolated from spinach (33) with the modifications previously described (27) . Unless otherwise noted, all procedures were performed at 4°C and under dim green light illumination. Chlorophyll (34) and oxygen assays (35) were performed, and steady-state rates of oxygen evolution were Ն600 mol of O 2 /(mg of Chl⅐h).
The 18-and 24-kDa extrinsic subunits were removed by treatment with 2 M NaCl for 30 min in the dark (36) . In some experiments, removal of psbO and the Mn 4 Ca cluster (supplemental Fig. S1 , step 1) was performed by incubation with 800 mM Tris-NaOH, pH 8.0, for 45 min at room temperature in the light (37) . These Tris-washed PSII membranes were washed three times with a buffer of 400 mM sucrose, 50 mM HEPESNaOH, pH 7.5, and finally resuspended in the same buffer to yield a chlorophyll concentration of 2-4 mg/ml. Samples were stored at Ϫ70°C.
Supporting information describes the purification of PSII peptides, including derivatization with a primary aminebiotin conjugate, 5-(biotinamido)-pentylamine (B5A) (Fig.   1B) , in situ trypsin digestion, high-pressure liquid chromatography (HPLC), two-dimensional electrophoresis, clear native polyacrylamide gel electrophoresis (PAGE), in-gel digestion, and avidin affinity chromatography. (Fig. 1A ) was synthesized by formylation of commercially available kynurenine (95% purity, Sigma). The method has been previously described (38) and is known to produce a mixture of the single formylated NFK, and a double formylated compound, NЈ,N ␣ -formylkynurenine (39). ESI MS analysis was used to characterize the product. A Micromass Quattro LC, a triple quadrupole tandem mass spectrometer, was employed. The MH ϩ peaks observed were 236.8 and 265.0 m/z, consistent with the predicted MH ϩ masses for the singly and doubly formulated NFK at 237.2 and 265.2 m/z. The relative intensities of the two peaks were ϳ1:2 (236.8:265:0), consistent with the expectation that a mixture of the singly and doubly formulated species was produced. The electronic spectra of the singly and doubly formylated compounds have been reported to be indistinguishable (39).
Synthesis of the Model Compound NFK-NFK
UV-Visible Spectrophotometry-Optical spectra in Figs. 3C and 4 were recorded at room temperature from 200 to 750 nm on a Hitachi (U3000) spectrophotometer. The quartz cuvettes contained 200 l, the slit width was 2 nm, and the scan speed was 120 nm min Ϫ1 . The optical spectra in Fig. 3 , A and B, were derived from the chromatogram through the use of a Beckman System Gold HPLC (Brea, CA), equipped with a 125 solvent module, a 168 photodiode array detector (1-cm path length, 2-nm scan interval), and 32 Karat Software, version 7.0. Peptide samples were suspended in 200 l of 50% acetonitrile, 0.1% trifluoroacetic acid (TFA). The model compounds, 40 M L-tryptophan (Sigma), L-kynurenine (Sigma), and NFK (synthesis described above), were suspended either in H 2 O or 50% acetonitrile, 0.1% TFA. Reduction of NFK with NaBH 4 was performed by incubation of 40 M NFK with 400 M NaBH 4 for 30 min at room temperature (40) . Reduction of a NFK/B5A mixture with 400 M NaBH 4 was performed using 40 M NFK and 160 M B5A.
UVRR Spectroscopy-A Renishaw (Hoffman Estates, IL) microprobe resonance Raman spectrometer was employed, as described (41, 42) . A ϫ15 objective was used to focus the laser beam on the sample and to collect backscattered radiation. Experiments were conducted at room temperature, and the slit width was 50 m.
To reduce the fluorescence background, PSII peptides were both HPLC and affinity purified (supplemental Fig. S1 , steps 5B and 6A). Lyophilized peptide samples were suspended in water, 0.1% TFA to increase solubility. A 3-l peptide sample and a 360 W 325-nm probe beam from a He-Cd laser (KIMMON, Tokyo, Japan) were used. The 325-nm probe was chosen to give resonance enhancement of the PSII chromophore. The total exposure time for each spectrum was 2 min (41), and data from three individual experiments were averaged. The spectral resolution was 6 cm Ϫ1 . A 220 W 229-nm probe beam from a frequency-doubled argon-ion laser (Cambridge LEXEL 95, Fremont, CA) was used to record Raman spectra of the model compounds, kynurenine and NFK, which were dissolved in water. These samples were recirculated at a flow rate ϳ4.5 m/s through a 120-m diameter nozzle, which formed a jet (41) . The total exposure time for each spectrum was 2 min (41 Photoinhibition Experiments-Photoinhibition experiments were conducted with intact PSII (22, 44, 45) . Samples were illuminated with white light from a Dolan-Jenner (Boxborough, MA) Fiber-Lite illuminator. The applied light intensity was ϳ9,000 mol of photons/(m 2 ⅐s) when measured with a Li-Cor (Lincoln, NE) Light Meter (model LI-189, with a ϳ8 cm diameter sensor) before the sample. The light intensity was ϳ7,000 mol of photons/(m 2 ⅐s) when measured after an empty sample tube. During illumination, PSII samples were maintained at 25°C by immersion in a water bath. The same 2-h illumination experiment was also conducted without the water bath. During this time, the temperature was observed to increase to 37°C. As dark controls, PSII samples were incubated for 2 h either at room temperature (ϳ25°C) or at 37°C.
These conditions are similar to those described in the literature. For example, in spinach PSII membranes, at 25°C, and a light intensity of 4,000 mol of photons/(m 2 ⅐s), the half-time for oxygen evolution was reported as ϳ30 min (46) . In spinach thylakoid membranes, at 20°C, and a light intensity of 7,000 mol of photons/(m 2 ⅐s), the half-time was ϳ25 min (47) . A light intensity of 5,000 mol of photons/(m 2 ⅐s) at 25°C was used for studies of photoinhibition and degradation of the spinach CP43 subunit in spinach PSII membranes (48) .
For quantitation of the amount of NFK induced by photoinhibition, the intact PSII samples were digested with trypsin, and an HPLC assay was performed (see supplemental "Experimental Procedures"). Briefly, tryptic peptides were injected onto a C18 column, and the elution was monitored with a diode array detector, as described above. To quantitate the yield of the NFK-containing peptide, the area of the 350-nm peak was calculated using instrument software. This value was normalized to the total integrated area in the 220-nm chromatogram (0 -50 min). This normalization provides an internal standard and corrects for any changes in the yield of tryptic peptides. Experiments were performed 3-7 times, and the values were averaged. Oxygen evolution experiments (35) were performed under the same conditions, i.e. after a 2-h dark incubation or a 2-h illumination (with water bath at 25°C). Measurements were performed six times, and the values were averaged.
RESULTS
Isolation of the Amine-binding Chromophore-Following purification from spinach (33), PSII membranes were depleted of the 18-kDa, 24-kDa, and psbO extrinsic polypeptides, as well as the Mn 4 Ca cluster (36, 37) . These modifications allow access to the sterically hindered core complex where covalent aminebinding occurs (supplemental Fig. S1 , step 1) (26, 27) . Triswashed PSII membranes were reacted with a primary aminebiotin conjugate, B5A (Fig. 1B) , by incubation in the light (supplemental Fig. S1 , step 2). Previous work demonstrated that PSII core subunits form stable covalent adducts with amines under these conditions, and binding was attributed to reactive carbonyl groups in PTMs (23, 26, 27) . In our experiments, the biotin-linked amine allowed the selective purification of peptides by avidin affinity chromatography (supplemental Fig. S1 , steps 6A and B). Binding of B5A was confirmed by Western blot of a SDS-PAGE of B5A-derivatized PSII and by detection with an avidin-alkaline phosphatase conjugate (data not shown) (49). Following derivatization, in situ digestion was employed to release modified, surface-exposed peptides. This method was used previously to identify surface-exposed phosphorylation sites in Arapidopsis thylakoid membranes (50) . B5A-derivatized Tris-washed PSII was trypsin digested overnight (supplemental Fig. S1 , step 4B), cleaved peptides were separated from undigested PSII by centrifugation, and the peptides were subjected to HPLC (supplemental Fig. S1 , step 5B). When a 10 -60% acetonitrile, 0.1% TFA gradient was used and the peptide elution was monitored at 350 nm, three fractions with unique red-shifted absorption peaks were observed (supplemental Fig. S2 ). The fractions had retention times of ϳ28 (fraction 1), ϳ35 (fraction 2), and ϳ36 min (fraction 3). Unlabeled peptides gave a similar 350-nm chromatogram (supplemental Fig. S2 ). These peaks were also present in intact PSII membranes (Fig. 2) .
The absorption spectra of these unlabeled and B5A-labeled fractions are shown in Fig. 3 , A and B, respectively. As derived from the HPLC detector, the spectra all exhibited maxima between 326 and 336 nm. Small shifts may be due to overlap with a 280-nm shoulder, which is indicative of tyrosine absorption (51) . The spectra of the fractions also showed strong 220 nm absorption from the peptide bond (52), but no visible absorption, which is characteristic of photosynthetic pigments. The observation of these 220-and 280-nm absorption bands supports the conclusion that the fractions contain peptides, which have been post-translationally modified to produce a chromophore with a ϳ325-nm absorption maximum.
To identify the 325-nm chromophore in the peptide samples, comparison was made to model compounds. Some oxidative tryptophan products, such as hydroxytryptophan, dioxyindolylalanine, and oxyindolylalanine, absorb near 295 nm, only slightly red-shifted from the tryptophan absorption band (53, 54) . However, other PTMs of tryptophan, including NFK and kynurenine (Fig. 1A) , show more red-shifted absorption (40, 55) . To compare with the peptide spectra, NFK was synthesized by formylation of commercially available kynurenine. As shown in Fig. 4A , NFK had an absorption peak at ϳ320 nm (Fig. 4A,  red) , whereas kynurenine had a longer wavelength absorption maximum at ϳ365 nm (Fig. 4A, blue) . Both spectra were red- The shaded peak at ϳ27 min corresponds to fraction 1 and contains a CP43 peptide with Trp-365 modified to NFK. Elution was monitored at 350 nm. PSII was maintained in the dark at room temperature (ϳ25°C) (A) or 37°C (B) for 2 h. PSII was illuminated with white light (C and D) at a light intensity of ϳ7,000 mol of photons/(m 2 ⅐s) for 2 h. In C, the temperature under illumination was maintained at 25°C. In D, the temperature under illumination was allowed to increase to 37°C (see "Experimental Procedures"). Chromatograms were displaced in the y direction for comparison, and the y axis marks correspond to 20 milliabsorbance units. As an internal standard, the chromatograms were normalized to the total 220 nm absorption, which was integrated from 0 to 50 min. The 350-nm peak at 26 min is not observed in tryptic digests of Tris-washed PSII (supplemental "Experimental Procedures").
shifted compared with the tryptophan absorption maximum at ϳ280 nm (Fig. 4A, black) . The absorption maximum of NFK was slightly solvent dependent, showing a shift from 318 to 324 nm when water (Fig. 4A, solid red) was compared with 50% acetonitrile, 0.1% TFA (Fig. 4A, dashed red) . The peptide spectra (Fig. 3, A and B) exhibited a clear similarity with the NFK spectrum (Fig. 4A, red) , making NFK a candidate for the PTM.
MS/MS Identifies a NFK Modification in the CP43
Subunit-HPLC fractions 1-3 were purified by a second round of chromatography, avidin affinity (supplemental Fig. S1, step 6A) . Applying LC-MS/MS analysis to the purified peptide samples resulted in unambiguous identification of a CP43 peptide, 363 AP(W*)LEPLRGPNGLDLSR 379 , in fraction 1 with a p value of 10 Ϫ7 and displaying a mass shift of ϩ32 m/z on Trp-365 (Fig.  5) . These results are indicative of an NFK modification. In fraction 2, a peptide of CP24, 169 PDSQSVE(W*)ATPWSR 184 , with a NFK modification was observed (data not shown). There were no spectra detected consistent with the B5A-labeled peptides, however, suggesting that the adduct of NFK and B5A was not stable under the conditions employed for mass spectrometry.
Two-dimensional Gel Electrophoresis-To confirm that the chromophore arises from a PTM in a PSII peptide, PSII core peptides were purified by two-dimensional gel electrophoresis. For these experiments, B5A-labeled PSII was solubilized and electrophoresized in the first dimension by non-denaturing clear native-PAGE (56), which separates the PSII membranes into dimer complexes with varying amounts of light-harvesting proteins (24) . All gels were run without Coomassie Blue or bromphenol blue to eliminate possible spectral artifacts from the dyes. The PSII dimer complex, which is deficient in light-harvesting proteins (24) , was excised and resolved into individual polypeptides in the second dimension (supplemental Fig. S1 , step 3) (57). Due to their similarity in electrophoretic mobility, the CP43 and CP47 protein bands were not fully resolved. MS/MS analysis, following in-gel digestion and peptide extraction (supplemental Fig. S1, step 4C) , validated the band identities (data not shown). The identities were also substantiated by previous work (24, 58) . Although in situ these polypeptides bind many pigment molecules, the non-covalently bound pigments were separated from the proteins under denaturing gel conditions in the second dimension. Therefore, this experiment eliminated chlorophyll or carotenoid (or their degradation products) as possible sources of the optical absorption.
Before affinity chromatography (supplemental Fig. S1 , step 6B), the absorption spectrum of the gel-extracted sample exhibited only absorption characteristic of tyrosine containing peptides, with a 280-nm absorption band (51) (Fig. 3C, dotted  line) . However, upon affinity purification of the gel-extracted peptide mixture, a ϳ322 nm peak was observed (Fig. 3C, solid  line) . This band resembled the chromophore absorption observed in the HPLC-purified peptides (Fig. 3, A and B) . The max was similar to the spectra recorded from the HPLC fractions, given the increased scattering background in the gel-extracted samples. Fig. 3C also shows that the B5A compound itself does not contribute to the optical absorption (Fig. 3C , dashed line), although affinity chromatography was essential for the selection of the modified peptides.
Proposed Structure of the B5A Adduct-NFK is expected to react with hydrazines, hydrazides, and amines (59 -61). Fig. 1C presents two possible structures for the B5A-NFK adduct formed in our experiments. The small 2 m/z mass difference between the two structures may not be distinguishable by low resolution peptide mass spectrometry. Fig. 1C, complex 1 , is a covalent adduct, formed by nucleophilic addition of the B5A label at the C4 position of NFK and a subsequent reduction reaction. Fig. 1C, complex 2 , is another possibility for the formation of a B5A-derived amidine, in which the nucleophilic addition occurs at the N-formyl carbon. Although complex 1 should be quite stable during MS and should be observed in MS/MS spectra, complex 2 is expected to break preferentially at the NFK-B5A interface and escape MS/MS detection.
To distinguish between these two possible structures, we considered the effect of reduction on the optical spectrum. As shown in Fig. 4B , addition of sodium borohydride (NaBH 4 ) and reduction of the C4 carbonyl group eliminated the 318 nm absorption of NFK (compare Fig. 4, A, red and B, violet) . Addition of sodium borohydride to a mixture of NFK and B5A had a similar effect (Fig. 4B, brown and cyan) . This result suggests that reduction of the carbonyl group of NFK will eliminate the 322 nm absorption. Because the 322-nm band was observed in the labeled peptides, consideration of these optical properties supports an assignment of complex 2 as the covalent adduct.
UVRR Spectroscopy of the Chromophore-To obtain more information concerning the structure of the B5A peptide complex, UVRR was employed (62) . Fig. 6, A and B , are the Raman spectra of kynurenine and NFK model compounds, respectively. These data were obtained with 229 nm excitation. The Raman spectrum of kynurenine could not be acquired at 325 nm, due to a large fluorescence background. The Raman spectrum of NFK, obtained either with 229-or 325-nm probe beams, displayed a band at 1242 cm
Ϫ1
. There was no observable signal from the B5A label alone, either at 229 or 325 nm, due to lack of resonance enhancement (data not shown). In Fig. 6B , unique bands assignable to the NFK N-formyl group were observed at 1667 and 1242 cm Ϫ1 . A band between 1040 and 1053 cm Ϫ1 was observed both in the kynurenine and the NFK Raman spectra (Fig. 6, A and B) . These bands are characteristic of the oxidized indole group (31, 63) . These spectral features were not observed in the UV Raman spectra of the aromatic amino acids, histidine, tryptophan, tyrosine, and phenylalanine (supplemental Fig. S3 ). For example, unmodified tryptophan exhibited a benzene breathing mode at 1009 cm Ϫ1 (supplemental Fig. S3 ). In addition, these bands were not observed in spectra derived from Chl a or a carotenoid, after correction for solvent scattering (supplemental Fig. S4 ).
Previous Fourier-transform-Raman measurements on NFK assigned a band at 1050 cm Ϫ1 to the ring system, a band at 1604 cm Ϫ1 to a ring stretching mode, and bands at 1239 and 1685 cm Ϫ1 to the N-formyl group (63) . In addition, bands at 1052 and 1050 cm Ϫ1 were observed for NFK modifications in lysozyme (63) and egg white ovalbumin (31), respectively. Formamide gave rise to Raman bands at 1670, 1599, 1391, 1313, 1098, 1048, and 983 cm Ϫ1 (64) . In anilides, the carbonyl band was observed at higher frequency (1704 cm Ϫ1 in formanilide), due to delocalization of the unpaired electrons on the formamide nitrogen into the phenyl ring (65) .
Because the UV Raman spectrum is specific for the contribution of NFK, the Raman spectrum of derivatized peptide samples was obtained with a 325-nm probe (Fig. 6C) , which resonantly enhances the chromophore. In peptides purified by HPLC only (supplemental Fig. S1, step 5B) , a strong fluorescence background obscured the Raman signal. Therefore, samples were subjected to purification by affinity chromatography (supplemental Fig. S1, step 6A) , which reduced the background fluorescent signal. The resulting Raman spectra of all three HPLC 350-nm absorbing fractions were similar (Fig. 6C) . These results imply that all three fractions contain the same PTM. Comparison with the TFA buffer spectrum (Fig. 6D) showed that bands at 841, 1203, and 1435 cm Ϫ1 arise from TFA. The Raman spectra of all three peptide fractions displayed a band at 1044 cm Ϫ1 , which is consistent with the presence of NFK in all three fractions. The shift from the 1053 cm Ϫ1 frequency observed in NFK alone (Fig. 6B ) may be due to reaction with the B5A label. No vibrational bands from the N-formyl group (1242 and 1667 cm Ϫ1 ) were observed, supporting the interpretation that complex 2 (Fig. 1C) is the stable structure.
Yield of NFK in Tris-washed PSII-Using an extinction coefficient of 3750 M
Ϫ1 cm Ϫ1 at 321 nm (55) , the yield of NFK in Tris-washed PSII can be estimated. For the HPLC experiment, fraction 1 was collected, the sample was concentrated to 200 l, and the absorption spectrum was measured on a Hitachi spectrophotometer (see "Experimental Procedures"). Starting with 6 mg of Chl or 24 nmol of PSII reaction center (66) , the NFK yield (on a reaction center basis) was estimated as ϳ7% in the HPLC method. For the two-dimensional gel experiment, peptides were extruded from the gel, concentrated to 200 l, and the absorption spectrum was measured as described above (Fig.  3C) . Starting with 13 mg of Chl or 52 nmol of PSII reaction center (66), the NFK yield was estimated as ϳ6% in the twodimensional gel method.
Photoinhibition Increases the Yield of NFK in Intact PSIIOur MS/MS data support the interpretation that NFK is formed by PTM of Trp-365 in the CP43 subunit. NFK can be generated from tryptophan by ROS (67, 68) . These species, including singlet oxygen ( 1 O 2 ,), hydrogen peroxide (H 2 O 2 ), superoxide anion (O 2 . ), and hydroxyl radical ( ⅐ OH) (69), have been proposed to be involved with photoinhibition in PSII. However, the mechanism of their involvement remains controversial (reviewed in Refs. 70 and 71). High light conditions have been linked to oxidative modification of Arabidopsis PSII in proteomic studies (21) . We have previously reported that substitutions at Trp-365 increase the rate of photoinhibition (22) . The magnitude of the change depends on light intensity (data not shown) and will be described in a future publication.
To probe for a possible connection between the yield of NFK and photoinhibition, we compared 350-nm chromatograms of tryptic peptides obtained from intact PSII (Fig. 2) . The integrated area of the 350-nm peak, derived from fraction 1, was corrected for the total integrated absorption at 220 nm. This normalization is an internal standard, which corrects for any change in the total yield of tryptic peptides. In this experiment, intact PSII samples were maintained in the dark at room temperature (ϳ25°C) (Fig. 2A) or in the dark at 37°C (Fig. 2B) . These dark-maintained, intact PSII samples gave a 350-nm fraction, with a similar retention time to Tris-washed PSII fraction 1 (Fig. 2, shaded peaks, and supplemental Fig. S2 ). The fraction 1 yield in the dark-maintained PSII was estimated as 0.3% on a reaction center basis. The NFK yield was not significantly altered by an increase in temperature in the dark. Comparison of the integrated areas (Fig. 2, shaded peaks, fraction 1) , derived from dark-maintained PSII at 25 and 37°C, gave a ratio of 1.1 Ϯ 0.1.
Intact PSII samples were also illuminated with white light for 2 h under temperature-controlled conditions at 25°C (Fig. 2C) , or under conditions (Fig. 2D ) in which the temperature of the sample increased to 37°C. An increase in peak height was observed after 2 h of illumination. This increase was observed when the temperature was controlled at 25°C (ratio 2.4 Ϯ 0.8, Fig. 2C, shaded peak) or when the temperature was allowed to increase to 37°C (ratio 2.2 Ϯ 0.5, Fig. 2D, shaded peak) .
The steady-state rate of oxygen evolution was also measured under the same conditions (35) . Before illumination, the average rate was 740 Ϯ 50 mol/mg of Chl⅐h. After 2 h in the dark, the rate was 630 Ϯ 30 mol/mg of Chl⅐h. However, with a 2-h illumination, the rate declined to 270 Ϯ 60 mol/mg of Chl⅐h. The 2.4 Ϯ 0.5-fold decrease in activity is similar to the increase observed in NFK yield. Therefore, these results suggest that the NFK modification at Trp-365 is induced by illumination and high light stress in intact PSII preparations.
DISCUSSION
Summary-In this paper, we provide evidence that PSII contains a modified form of tryptophan, NFK. Mass spectrometry on purified peptides shows a mass shift of ϩ32 m/z for the 363 AP(W*)LEPLRGPNGLDLSR 379 peptide from CP43. This mass shift and peptide sequencing by MS/MS are consistent with a double oxidation of Trp-365. Optical absorption and UV resonance Raman data support the conclusion that CP43 peptides contain NFK. In these experiments, NFK was observed following in situ and in-gel tryptic digestion. The yield of NFK in Tris-washed PSII was significant, and the yield increased when intact PSII was subjected to photoinhibitory conditions.
Generation of NFK and NFK in Other Proteins-NFK has been identified in other proteins by mass spectrometry, including bovine heart mitochondrial proteins (72) , rat skeletal muscle proteins (73) , bovine ␣-crystalline (74), and spinach LHCII (32) . NFK is formed by the reaction of ROS with tryptophan side chains in proteins (67 (22) . The data were obtained by tandem mass spectrometry (22) and were consistent with modification of the side chain to kynurenine (ϩ4 m/z), oxindolalanine (ϩ16 m/z), and a hydroxy-indole derivative (ϩ18 m/z). The oxindolalanine and hydroxy-indole derivatives were proposed to be intermediates produced during oxidative cleavage to give kynurenine (22) . None of these species are expected to show an absorption maximum at 325 nm (53, 54) , as observed here for the NFK-containing peptides. NFK can be formed as a stable intermediate during the production of kynurenine (Fig. 1A) (38) . In previous work, kynurenine was observed to be present in PSII, which had not been Tris washed and had not been subjected to gel electrophoresis (22) . Kynurenine was also observed in PSII, which had been maintained in the dark. Taken together with the results described here, these data support the conclusion that oxidative modification of Trp-365 is relevant in vivo.
Analysis of Three Different HPLC Fractions-In this work, three 350-nm absorbing fractions, with reproducible retention times, were observed with HPLC purification of Tris-washed PSII peptides. UV resonance Raman studies suggest that all three fractions contained the same, B5A-derivatized NFK chromophore. The NFK modification in CP43 was confirmed by MS/MS of fraction 1. An NFK modification in a light-harvesting protein (CP24) was observed in fraction 2. However, the modified peptide detected in fraction 1 was the result of incomplete tryptic digestion. Therefore, it is possible that other fractions contain a different cleavage product of the same CP43 peptide. In addition to 325 nm absorption, all three fractions exhibited a 280-nm peak, which is indicative of tyrosine absorption. It should be noted that the NFK containing CP43 sequence does not contain tyrosine ( 363 AP(W*)LEPLRGPNGLDLSR
379
). Thus, other tyrosine-containing peptides must be present in all three eluting fractions. Our MS analysis of the fractions provided evidence for ϳ40 peptides, even after HPLC and affinity purification (data not shown). Such complexity can be attributed to the challenges of MS/MS as applied to membrane-associated peptides.
Proposed Structure of the B5A-labeled NFK Complex-In some of our experiments, a biotinylated amine was used to label the NFK-containing peptide. Amines and hydrazines are expected to label activated carbonyl groups (see Refs. 26 and references therein). In other proteins, it has been suggested that kynurenine and NFK react with hydrazine. These proteins include low-density lipoprotein (LDL) (76) , cucumber microsomal membrane proteins (60) , and ribulose-1,5-bisphosphate carboxylase oxygenase (60) . In bovine serum albumin (59) and ␣-crystallin (59), NFK was proposed to cross-link with lysine residues. On the other hand, in PSII, a complex between kynurenine and a hydrazide labeling reagent was not observed by MS/MS (22) .
NFK may react with amines to form an adduct at the C4 position (Fig. 1C, complex 1) . Reaction of the amine and electrophilic carbon produces a Schiff base, which can be reduced to give the stable product shown in complex 1. Previous work has indicated that reducing equivalents are produced during PSII light reactions. These reducing equivalents were observed to stabilize amine-PTM complexes (27) . On the other hand, reaction of the amine with the NFK formamide group would give the structure shown in Fig. 1C, complex 2 . Although amide groups do not usually react with amines, a similar product complex was observed between N-acetyl-formylkynurenine and dimethyl-p-benzoquinonediimine in solution (77) . Delocalization of the unpaired electrons on the nitrogen into the aromatic ring may help to activate the formamide carbon (65) . It should be noted that we have not observed the labeled NFK adduct by MS/MS. However, our optical and resonance Raman data support binding of the amine label, B5A, at the formamide group, as shown in complex 2. An addition at the N-formyl carbon would provide a breaking point during collision-induced disso-ciation, which could lead to the neutral loss of the B5A moiety during MS analysis.
Photoinhibition and High Light Stress-Examination of CP43 protein sequences in other organisms, both prokaryotes and eukaryotes, indicates strict sequence conservation of Trp-365. This conservation suggests a functional role for this residue. We hypothesize that Trp-365 may play a role in protection from photoinhibition (22) . In PSII, photoinhibition is the lightinduced inactivation of photosynthetic activity induced by excess light energy (reviewed in Ref. 78) . The results are a decreased efficiency in electron transfer, damage, and degradation of the D1 and other PSII subunits, and finally repair by de novo protein synthesis. When the rate of repair is slower than the rate of degradation, a loss of PSII activity is observed (78) . This cycle of damage and repair must be coordinated, and the mechanisms of these reactions have not yet been elucidated. Photoinhibition may occur by two different mechanisms (reviewed in Refs. 71 and 78 -80) . In the acceptor side photoinhibition model, damage is initiated by charge separation in reaction centers that contain a reduced quinone, Q A Ϫ . Recombination leads to the product of triplet chlorophyll, 3 Chl, species (81) . Changes in the midpoint potential of Q A Ϫ may alter the susceptibility of PSII to photoinhibition (reviewed in Ref. 79 ). In donor side photoinhibition, damage is initiated by inactivation of the OEC and water oxidation. Under these conditions, P 680 ϩ, which has a high potential and a long lifetime, can act as an oxidant for prosthetic groups and amino acid residues (reviewed in Ref. 79) . (70, 84) and by a fluorescence sensor in Arabidopsis leaves (85) . Chemical trapping in PSII reaction center preparations, which lack the quinone acceptors, has also detected 1 O 2 (86) . Other ROS species may be formed in donor side photoinhibition (70, 84) .
ROS and High Light Stress in PSII-
Although a correlation between ROS production and photodamage is largely accepted, there is no consensus on the specific role of 1 O 2 (see Ref. 84 and references therein). One view suggests direct involvement of ROS in damage and increased turnover of the reaction center D1 protein (87) . This can occur directly, because ROS damage can lead to peptide bond cleavage (67) . Alternatively, ROS-induced modifications could cause a protein conformational change, which allows access of specific proteases to the D1 subunit (22, 88, 89) . Finally, 1 O 2 may inhibit the D1 repair cycle (for example, see Ref. 90) . These roles of ROS are not mutually exclusive.
Proposed Role for NFK-365 in Photoinhibition-In this paper, we provide evidence that NFK is present in darkmaintained PSII, and that the yield of NFK increases by a factor of 2 under high light intensity in intact PSII preparations. This change was accompanied by a 2-fold decrease in steady-state oxygen evolution rate. Previous preliminary characterization of site-directed mutations at Trp-365 reported that Trp provides photoprotection (22) . The 1.9-Å resolution crystal structure (3) of cyanobacterial PSII shows that Trp-365 is ϳ17 Å from the water oxidizing complex (Fig. 7) . Trp-365 is found in a CP43 loop region, which is in close proximity to the D1 subunit.
Taken together, these observations suggest a role for modification of Trp-365 in the high light-induced, damage/repair cycle. This could be accomplished by two different mechanisms. In the first, Trp-365 may act as a ROS scavenger, and in the second, Trp-365 may serve as signal, which facilitates reaction center repair. It should be noted that Trp-359 and -291 in CP43, as well as Trp-328 in D2, are also within 17 Å of the oxygen-evolving complex (Fig. 7) . In our MS/MS experiments, we have seen no evidence for NFK modifications of these side chains, although Trp-359 was observed in the ϩ16 m/z form (data not shown).
Conclusions-We have identified an oxidative modification of tryptophan in the CP43 subunit of PSII. This NFK is a UV absorbing chromophore, which is formed by oxidation of a Trp side chain by ROS. We propose that NFK plays a role in protection and repair during photoinhibition. The evolutionarily conserved residue may act as a 1 O 2 scavenger. Alternatively, oxidation of the tryptophan may promote repair by signaling for degradation or enabling efficient removal of the damaged D1.
